Abstract⎯The substances most suitable for use as oxygen-containing additives for the sodium-thermal fabrication of finely dispersed tantalum powder (K 2 Ta 2 O 3 F 6 , K 3 TaOF 6 , K 2 TaOF 5 , and KTaOF 4 ) are selected based on the thermodynamic and experimental investigations of reduction reactions of tantalum compounds with sodium from the melts containing complex oxyfluorides compounds. The application of the mentioned compounds gives the opportunity to fabricate tantalum powders with a specific surface area at a level of 3-5 m 2 /g, which is 8-to 10-fold higher than for the powders fabricated under the same conditions when reducing K 2 TaF 7 . It is shown that fabricated tantalum powders can be needed as the initial material for the development of the capacitor powder with a charge of 70000-100000 μFV/g.
INTRODUCTION
Tantalum powders are widely used in the production of bulk-porous capacitors. Their main fabrication method is the sodium-thermal reduction of potassium heptafluorotantalate (K 2 TaF 7 ) from the melt, into which, alkali metal halogenides are added as the diluent salt to control its composition. In order to provide a high-quality anodic oxide dielectric film and high specific capacitor charge, high-purity tantalum powder with a developed surface is required [1] .
Nevertheless, the use of pure reagents when performing the process in melts with a high K 2 TaF 7 concentration leads to the formation of powders with an insufficiently large specific surface area [2] . A considerable growth of the latter can be provided by the reduction of K 2 TaF 7 from the melts with a high (>90 wt %) content of the diluent salt [3] . However, this is accompanied by the lowering of process productivity, and large volumes of reject fluorine-containing solutions are formed when washing the powder. It was shown previously [4] that the addition of complex oxyfluoride compounds of tantalum (CTC) into the melt substantially affects the crystallization of Ta during reduction, leading to a considerable growth in the specific powder surface. The quality of the final product-capacitor powder-is not lowered in this case [5] .
This study is aimed at the selecting oxyfluoride tantalum compounds most suitable for use as precursors for sodium-thermal fabrication of the tantalum powder with the developed surface and the investigation into the characteristics of the powders prepared in this manner.
THERMODYNAMIC ANALYSIS According to the published data [6, 7] , oxyfluoride complex of tantalum of various compositions can present in halogenide melts containing tantalum compounds and oxygen. These are and where z = x + y -3. To evaluate the possibility of their reduction with sodium and select the optimal compounds suitable for the formation of the tantalum powder in the melt, we performed a thermodynamic analysis of reduction reactions of a series of CTCs with sodium:
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(16) The thermodynamic characteristics of tantalum compounds that are present in reactions (3)- (16) and absent in publications were determined by the procedure proposed previously in [8] . The calculated values of enthalpy ( ) and entropy ( ) of CTC formation are presented in Table 1 . Based on these data and the known thermodynamic data [9] , we evaluated the probability of running reactions (1)- (16) . The calculated values of enthalpy, entropy, and variation in the Gibbs energy of these reactions are presented in Table 2 .
According to the results of calculations, all considered compounds can be reduced with sodium. We used compounds K 2 TaOF 5 , K 3 TaOF 6 , KTaOF 4 , and K 2 Ta 2 O 3 F 6 (reactions (1)-(4)) as precursors when investigating the formation of highly dispersed tantalum powders experimentally. Having high thermodynamic probability of reduction with sodium, they have a relatively simple composition when compared with other substances ( [11] , respectively. The K 3 TaOF 6 -KTaOF 4 mixture was synthesized in situ in a working melt by the interaction of K 2 TaF 7 and Ta 2 O 5 loaded into the charge at the molar ratio of 3 : 1 [12] . We started the supply of sodium on the melt surface at 700°C, gradually increasing it to 800-830°C due to the heat evolving in the course of reactions. The experimental procedure is described in detail in [4] .
The oxygen content in the melt was determined by IR spectroscopy using a Specord M80 device (Jena). The composition of reagents and reaction products was investigated with the help of the X-ray phase analysis (XPA) using a DRON-2 diffractometer (CuK α radiation) and IR spectroscopy. The investigation procedures of characteristics of the powders and anodes fabricated from them are presented in [4, 5] .
RESULTS AND DISCUSSION
The composition of synthesized CTCs was judged by the XPA data. The fragments of X-ray diffraction patterns of these compounds, excluding those synthesized in situ, are presented in Fig. 1 . It is seen from these data that the synthesis products completely correspond to the required compounds. The XPA results are confirmed by the IR spectroscopy of the formed compounds. The IR spectra of K 2 Ta 2 O 3 F 6 and its mixture with K 3 TaOF 6 are presented in Fig. 2 as an example. The characteristic peaks of K 2 Ta 2 O 3 F 6 and K 3 TaOF 6 are the peaks at ν = 988, 916, 668, 553, 508, and 495 cm -1 [13] and 900, 552, 472, and 417 cm -1 [14] , respectively. All of them are observed in the presented spectra in the limits of the measurement error. The IR spectrum of the reaction mass after finishing the reduction is shown in Fig. 2 for comparison.
The results of experimental investigations confirmed the possibility of the complete reduction with sodium of all selected CTCs. A typical fragment of the X-ray diffraction pattern of the reaction mass after reducing CTCs from the melt with the NaCl diluent salt is presented in Fig. 3 . It is seen from this fragment that the X-ray diffraction pattern contains only reflections from Ta, NaF, and KCl, while KF and Na 2 O are formed along with these products in reactions (1)-(4). Since the substitution reaction runs in the melt: (17) then potassium chloride is present in the solidified fusion cake and potassium fluoride is absent. The absence of diffraction peaks of Na 2 O is caused by the fact that its solubility in crystallized halogenide salts is lower than the XPA detection limit.
KF NaCl NaF KCl, + = + Characteristics of the powders formed when reducing various tantalum compounds including K 2 TaF 7 (for comparison) are presented in Table 3 . It is seen that, with the same NaCl content in the initial charge, when reducing the CTC-containing fusion cake, the specific surface area (S sp ) of the powder increases by a factor of 8-10 when compared with the reduction of K 2 TaF 7 . The magnitude of S sp of the powders rises with an increase in the O : Ta molar ratio and, correspondingly, the specific charge (Q) of anodes made of them increases. The oxygen content in the powder rises proportionally to an increase in the specific surface area due to the increase in amount of natural oxide on the tantalum surface.
The calculation performed according to the procedure [16] shows that the fraction of oxygen dissolved in the metal volume is independent of its content in the melt and does not exceed 0.03 ± 0.01 wt %. In general, its amount in the powders prepared by the reduction of CTCs corresponds to usual norms for tantalum powders with the same specific surface area formed by the reduction of K 2 TaF 7 [3] . The content of other controlled impurities in the powders according to the inductively coupled plasma mass spectrometry analysis (ICP-MS) was, 10 -3 wt %, Fe < 0.8, Ni < 0.5, Cr < 0.5, Zr < 3, Ca < 2, Si < 3, Mg < 0.5, Nb < 3, C < 5, and K, Na ≤ 3. These values are at a level attained for the conventional formation of tantalum powders by the reduction of K 2 TaF 7 in the limits of the measurement error [4] .
Characteristics of anodes fabricated from the powders prepared in the melt under study are presented in Table 3 . The maximal specific charge of anodes Q > 50000 μFV g -1 was attained at S sp > 3 m 2 g -1
. Large values of the radial shrinkage (Δd/d) evidence the possibility of decreasing the sintering temperature (t s ) with no substantial lowering of the mechanical strength of anodes and, consequently, the further increase in their charge. A substantial increase in Q upon lowering the formation voltage (anodization) (U f ) from 30 to 10 V is explained by the structural features of anodes formed from the powders with a highly developed surface. (ii) Using the selected CTCs, tantalum powders with a specific surface area at a level of 3-5 m 2 g -1 and a low impurity content are fabricated by sodium-thermal technology. These powders can serve as the initial material for the formation of the capacitor powder with a specific charge at a level of 70000-100000 μFV g -1 .
